Abstract In this study, we have prepared aluminum oxide (Al 2 O 3 nanoparticles) NPs with size ranging from 50 to 90 nm by laser ablation of aluminum target in ethanol. The effect of laser fluence on the structural, morphological and optical properties of Al 2 O 3 was demonstrated and discussed. X-ray diffraction XRD results confirm that the synthesized Al 2 O 3 NPs are crystalline in nature. The sample prepared at 3.5 J/cm 2 /pulse exhibits single phase of c-Al 2 O 3 , while the XRD patterns of the nanoparticles synthesized at 5.3 and 7.5 J/cm 2 /pulse show the co-existence of the a-Al 2 O 3 and c-Al 2 O 3 phases. Nanostructured Al 2 O 3 films have been used as anti-reflecting coating and surface passivation layer to improve the photoresponse characteristics of silicon photodiode. The experimental data showed that the optical energy gap decreases from 5.3 to 5 eV as the laser fluence increases from 3.5 to 7.3 J/cm 2 . The lowest optical reflectivity was found for silicon photodiode deposited with a single layer of Al 2 O 3 prepared at 3.5 J/cm 2 /pulse. The effect of laser fluence on the refractive index and extinction coefficient of the nanostructured Al 2 O 3 film was studied. The photosensitivity of the silicon photodiode increased from 0.4 to 1.4 AW -1 at 800 nm after depositing Al 2 O 3 prepared at 3.5 J/cm 2 /pulse, followed by rapid thermal annealing at 400°C for 60 s.
Introduction
Metal oxide nanoparticles have drawn attention due to their stable optical, electrical and structural properties (Hart 1990, Noda and Muramoto 2003) . Nanostructured aluminum oxide is the most important metal oxide material which is used widely in many industrial applications, such as catalyst, surface passivation, ant-reflection coating, sensors, gas diffusion barrier, abrasive materials and nanolaminates (Farsi and Gobal 2007; Tania et al. 1999; Dingemans and Kessels 2012; Groner et al. 2004; Tallarida et al. 2011 ) Garces et al. 2014 . Al 2 O 3 is a wide band-gap (*6 eV at 300 k for bulk material) dielectric material which can exist in different crystalline forms such as gamma, delta, theta and alpha phases. Many techniques were used to prepare Al 2 O 3 nanoparticles such as sol-gel (Mirjalili et al. 2010) , sputtering (Trinh et al. 2008) , spray (Kavitha and Jayaram 2006) , hydrothermal (Qu et al. 2005) , mechanical milling (Reid et al. 2008 ) and laser ablation (Yatsui et al. 2000) . Synthesis of nanoparticles by pulsed laser ablation in liquid (PLAL) has many advantages compared to other conventional techniques: the produced nanoparticles are pure and have no impurities; the process does not need any complex agents; a large variety of materials may be synthesized; material stoichiometry is preserved; there is fair control on the size of the produced nanoparticles; the process is cost-effective and fast (Petersen and Barcikowski 2009; Yang et al. 2007 ). The reported data showed that the optical, structural and mechanical properties of Al 2 O 3 nanoparticles prepared by PLAL depended on many parameters such as laser energy, laser wavelength, ablation time, laser pulse duration and liquid type (Piriyawong et al. 2012; Emmanue et al. 2009 ). Al 2 O 3 layers have been used as anti-reflecting coating for silicon solar cells. Lee et al. (Benjamin et al. 2012) deposited 10 nm Al 2 O 3 as an anti-reflection coating layer on silicon solar cell using the atomic layer deposition (ALD) technique and showed that the cell efficiency increased after Al 2 O 3 deposition. Leszek et al. (Leszek et al. 2014) showed that the difference in the silicon solar cells efficiency between that with and without Al 2 O 3 antireflection coating was 5.28%. Recently, Nguyen et al. (Huong et al. 2017) reported an increase in the efficiency of silicon solar cells from 17.55 to 18.34% after deposition of Al 2 O 3 /a-SiN x :H, which acts as a surface passivation and anti-reflection coating layer. Here, we report the preparation and characterization of Al 2 O 3 nanoparticles by laser ablation of aluminum target in ethanol at various laser fluences. The second objective of this study is to use the synthesized nanostructured Al 2 O 3 film as anti-reflection and surface passivation coating to improve the performance of the silicon photodiode.
Experimental
In this experiment, a high purity aluminum target was placed at the bottom of a quartz vessel containing 2 mL of ethanol, irradiated by Nd:YAG laser pulses operated at 532 nm (frequency doubling) with a pulse duration of 7 ns. To focus the laser beam on the Al target, a converging lens of 5 cm focal length was used as shown in Fig. 1a . The laser ablation process was performed at normal temperature with laser fluence varying from 3.5 to 7.5 J/cm 2 /pulse and the ablation time was maintained at 10 min. The liquid was continuously stirred during laser irradiation using a regulated rotating motor. The optical absorption of colloidal aluminum oxide nanoparticles was measured using UV-Vis spectrophotometer with double beam (Shimadzu UV-1800). The structure of the synthesized nanoparticles was investigated using X-ray diffractometer (XRD-8000, Shimadzu) using CuKa source (k = 0.15419 nm). To study the surface morphology of the Al 2 O 3 nanoparticles, scanning electron microscopy SEM (Jeol JSM-6335F) and atomic force microscopy AFM (AA3000) were used. The shape and size of the Al 2 O 3 nanoparticles were examined using transmission electron microscopy (type CM10 pw6020, Philips-Germany). The thickness and refractive index of the Al 2 O 3 layer were measured using an ellipsometer. The Al 2 O 3 layer of 100 nm thickness was deposited on p-n silicon photodiode of 1 cm 2 area by using the dip coating technique. The p-n photodiode was fabricated by the Al-Mansour Iraqi factory using a standard thermally diffused route. After deposition of the Al 2 O 3 film, ohmic contacts were established on both sides of the photodiode by depositing indium films using a thermal resistive technique. Fig. 1b shows the schematic diagram of the silicon photodiode after deposition of Al 2 O 3 film and ohmic contacts. The coated p-n photodiode was annealed under a nitrogen atmosphere at 400°C for 60 s with the aid of a rapid thermal annealing RTA system using halogen lamps. The dark and illuminated current-voltage characteristics of coated p-n photodiode were measured at different white light intensities. The spectral responsivity of coated photodiodes was investigated using a calibrated monochromator.
Results and discussion synthesized at 7.3 J/cm 2 . This result can be explained on the basis that increasing the laser fluence resulted in increasing the temperature, leading to the formation of a single a-Al 2 O 3 phase. As shown in the XRD pattern, the peak located at 26°corresponding to the (012) plane is related to the rhombohedral stable a-Al 2 O 3 phase.
It is reported (Cava et al. 2007 ) that for nano powder alumina prepared by the polymeric precursor method, the alpha alumina phase could be formed by heat treatment at a temperature of 1050°C, while the gamma alumina phase formed at a temperature of around 900°C. The color of colloidal Al 2 O 3 nanoparticles solution prepared at 3.5 J/cm 2 laser fluence and produce a light yellow transmission that changed to a dark color transmission after ablation with a higher laser fluence. The optical absorption spectra of Al 2 O 3 NPs prepared at various laser fluences is shown in Fig. 3 . The spectrum of colloidal Al 2 O 3 prepared at a laser fluence of 3.5 J/ cm 2 exhibits a significant absorption peak at 255 nm (surface plasmon resonance SPR) due to the quantum size effect. The optical energy gap E g has been determined from Tauc law for direct transition:
where a is the absorption coefficient and hm is the photon energy. By plotting (ahm) 2 versus photon energy, the energy gap can be obtained by extrapolating the linear part to the (hm = 0) point, as shown in the inset of Fig. 3 .The calculation shows that the optical band gap of alumina prepared at 3.5 J/cm 2 was found to be 5.4 eV; this value is lower than that of bulk alumina due to the presence of oxygen vacancies and point defects (Papi et al. 2015; Tamboli et al. 2011 ). An abrupt decrease in the optical absorption was observed at *k = 280 nm and seemed to be steady after this wavelength (highly transparent). The optical absorption spectrum of Al 2 O 3 prepared with 5.2 J/ cm 2 shows a small plasmon peak at 260 nm, indicating the formation of nanosized alumina particles and the energy band gap was found to be around 5.15 eV (as shown in Fig. 3b) , which is about 0.25 eV smaller than that prepared with lower laser fluence. On the other hand, it is clearly seen that the optical absorption is increased due to increase of the alumina concentration with laser fluence. Increasing the laser fluence to 7.3 J/cm 2 results in decreasing the optical energy gap due to increase of the particle size and maybe due to agglomeration of alumina particles (Khan et al. 2010; Julien et al. 2014) . Furthermore, the phase transition and stoichiometry may also play a role in the variation of the energy gap of the metal oxide (Ismail et al. 2013) . Figure 4 depicts the variation of refractive index with wavelength for nanostructured Al 2 O 3 . In general, the refractive index of all samples decreases as the wavelength increases and tends to be constant beyond 400 nm, which is in good agreement with data reported by Shamala et al. (2004) . The refractive index of Al 2 O 3 was found to be dependent on the laser fluence. The refractive index decreases as laser fluence increases. Nanostructured Al 2 O 3 prepared at 3.5 J/cm 2 has refractive index of 1.7 and 1.33 at 270 and 500 nm, respectively. (Hua et al. 2014) .
Increasing the laser fluence leads to increase in the refractive index which can be attributed to stoichiometry preservation and to the formation of high-density Al 2 O 3 nanoparticles. Additionally, the morphology, topography and structure also affect the value of the refractive index of the synthesized nanoparticles. Figure 5 shows the extinction coefficient K as a function of wavelength for Al 2 O 3 nanoparticles synthesized at various laser fluences. The extinction coefficient was estimated from the absorption coefficient using the following equation: 
It is evident from Fig. 5 that the extinction coefficient decreases with laser wavelength and the sample prepared at higher laser fluence has maximum value of K. The extinction coefficient values at 270 and 500 nm for the sample prepared at laser fluence 3.5 J/cm 2 were 0.65 and 0.18, respectively, while its values for Al 2 O 3 synthesized at 5.2 J/cm 2 were 1.3 at 270 nm and 0.74 at 500 nm. This result can be ascribed to the increase of the particle size and the number of Al 2 O 3 particles with laser fluence, which in turn increase the optical absorption (Tilaki et al. 2007 ). The SEM images of Al 2 O 3 nanoparticles are given in Fig. 6 . It is evident from this figure that the morphology of alumina particles depends mainly on the laser fluence. Based on the particle morphology, the particles prepared at 3.5 J/cm 2 exhibit isolated and agglomerated particles with spherical and irregular shapes. The formed particles have different sizes ranging from 50 nm to sub-micrometers (inset of Fig. 6a ). Increasing the laser fluence leads to the formation of micro-sized particles as well as agglomeration of particles as shown in Fig. 6(b, c) . This finding can be ascribed to the mechanical stresses (shock wave) produced by the ablation the target with high laser intensity, which results in particle fragmentation (Ying-Hua et al. 2016 ). The effect of laser fluence on the morphology of synthesized alumina nanoparticles was investigated with the aid of AFM. Figure 7 shows the 3D AFM images of Al 2 O 3 nanoparticles prepared at various laser fluences. The particles are vertically oriented and their sizes depend on the laser fluence. The AFM of the alumina prepared at 3.5 J/cm 2 /pulse (Fig. 7a) showed different morphologies, and some of the particles have spherical shape as shown in (Fig. 8a) . The average grain size was estimated using software and it was around 55 nm. Increasing the laser fluence leads to increasing the concentration of ablated alumina with larger size, while some of the small grains tend to agglomerate with each other to form larger grains (Fig. 7b, c) . The alumina particles synthesized with high laser fluence have pyramid-like grains. The 2D AFM image confirms that these grains have non-spherical shape. The average grain sizes of alumina prepared at laser fluences of 5.2 and 7.3 J/cm 2 /pulse were 78 and 100 nm, respectively. TEM was used to investigate the morphology, size and size distribution of the synthesized nanoparticles. Figure 9 shows the TEM images of alumina NPs prepared at various laser fluences and the insets are the particle size distribution determined by statistical analysis of the particles in images. The shape and size of the synthesized alumina particles are found to be greatly influenced by laser fluence. Alumina particles prepared with 3.5 J/cm 2 /pulse show monodispersed nanosized spherical particles and few particles agglomerated to form larger particles. The average particles size was estimated to be *60 nm. Increasing the laser fluence leads to the formation of agglomerated and polydispersed nanoparticles, and the average particle size was approximately 85 nm. A further increase in the laser fluence resulted in the formation of spherical and elongated alumina particles with an average size of 90 nm. The values of particle size determined by TEM are close to those determined by AFM investigation. The particle size histograms confirm that the distribution of particles has a nearly Gaussian type of fitting, and the tail in the size distribution can be ascribed to the effect of agglomeration.
The optical reflectance spectra of 100 nm-thick Al 2 O 3 film deposited on silicon photodiode at different laser fluences followed by RTA are shown in Fig. 10 . In general, all the silicon surfaces gave lower optical reflectance after coating with nanostructured alumina film. The lowest reflectance of the silicon photodiode surface was noticed after deposition of the alumina layer prepared at 3.5 J/cm 2 /pulse. The average optical reflectance of silicon decreased from 31 to 15% after alumina deposition, indicating that the alumina layer works as an anti-reflection coating due to appropriate value of n and very small value of K. Figure 10 shows also that the optical reflectivity of the Al 2 O 3 layer increased after increasing the laser fluence. The data in Fig. 10 confirm the broadband reflectivity reduction over the whole 400-900 nm spectral range for all Al 2 O 3 sample coating with respect to the silicon substrate.
The dark and illuminated current-voltage (I-V) characteristics of the photodiode after alumina deposition are illustrated in Fig. 11 . The dark current I d of the photodiode decreases and the photocurrent I ph increases remarkably after deposition of the alumina films.
These results can be attributed to increase in the numbers of generating e-h pairs after deposition of alumina, which resulted in increase in the photocurrent according to the following equation: Fig. 9 TEM images of alumina NPs synthesized at various laser fluences. Inset shows the particle size distribution
where P is the light power and g the quantum efficiency of the photodiode. From the above equation, it is clear that the decrease in the reflectance of silicon photodiode leads to increase in its photocurrent. The maximum photocurrent was obtained for the photodiode-deposited alumina layer prepared at 3.5 J/cm 2 /pulse, and the photocurrent (illumination with 84 mW/cm 2 ) increased from 312 to 1600 lA after deposition of the alumina coating. The second important parameter which plays a major role in increasing the photocurrent of the photodiode is the surface passivation arising from deposition of nanostructured alumina, followed by thermal annealing. The alumina is considered as an active source for supplying hydrogen to the silicon interface during the rapid thermal annealing process. Two possible surface passivation types can occur after the deposition of the alumina layer, the first one called chemical passivation and the second type called field-effect Benjamin et al. 2012; Hoex et al. 2008; SaintCast et al. 2010; Terlinden et al. 2010 ). In the former type, the passivation resulted in decreasing the density of the surface states and dangling bonds existed on the silicon surface and enhanced the characteristics of the silicon photodiode, whereas the mechanism of passivation in the latter type based on decreasing the concentration of the minority charge carriers existed on the silicon surface.
Increasing the laser fluence resulted in decreasing the photocurrent due to increasing of the surface reflectivity as well as due to agglomeration effect. Increase in the light intensity resulted in increasing the photocurrent due to more generation of e-h pairs. Also, this figure confirms that the linearity characteristics were enhanced after the deposition of the Al 2 O 3 layer. The deposition of nanostructured Al 2 O 3 followed by RTA plays a positive role in the reduction of the series resistance of the photodiode through decreasing the surface state defect density (Ismail 2009 ). The improvement in the spectral responsivity of the photodiode (Fig. 12 ) is due to surface passivation and decrease of optical reflectance of the silicon photodiode after depositing nanostructured Al 2 O 3 . Furthermore, the alumina deposition increases the charger's carrier collection efficiency through formation of an inversion layer (Mikko et al. 2016) . Two peaks of response were noticed in the spectral responsivity plot of all photodiodes after deposition of the Al 2 O 3 layer as shown in Fig. 12 . The first peak (region 1) was located at 410 nm, indicating an enhancement in the detection of silicon photodiode in the visible region (visible-enhanced photodiode) and the second peak (region 2) was situated at 800 nm due to the absorption edge of the silicon. It is clearly seen from Fig. 12 that the responsivity of the photodiode increases appreciably after alumina deposition from 0.4 to 1.4 AW -1 at 800 nm. This value is larger than that for wide band-gap silicon-based heterojunction photodetectors (Ismail et al. 2006; Ismail et al. 2005 Ismail et al. , 2014 . The photodiode deposited with alumina layer prepared at 3.5 J/cm 2 /pulse laser fluence exhibited the best sensitivity at the visible and near-infrared regions due to the effect of SPR. No significant variation in photodiode characteristics was observed after 2 months of storage in the laboratory.
Conclusions
In this work, we have successfully enhanced the photosensitivity of silicon photodiode throughout the deposition of crystalline Al 2 O 3 nanoparticle layer on the p-layer of silicon photodiode prepared by laser ablation of Al target in ethanol. The deposited Al 2 O 3 on silicon photodiode acts as an anti-reflection coating and surface passivation layer. The effect of laser ablation on the structural and optical properties of Al 2 O 3 NPs was investigated. The reflectivity of silicon photodiode was decreased after deposition of Al 2 O 3 ; the lowest surface reflectance was noticed for silicon surface deposited with nanostructured alumina film prepared at a laser fluence of 3.5 J/cm 2 / pulse. Significant improvement in the photosensitivity of the photodiode was observed after deposition of the alumina layer. Two response peaks located at 400 and 800 nm were noticed after the deposition of the alumina film, and the responsivity at 800 nm was increased from 0.4 to 1.4 AW -1 after deposition. Based on the obtained results, the technique used here to synthesize alumina nanoparticles is promising, cost-effective and encouraging for the development of visible-enhanced silicon photodiode.
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